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Studies were conducted in the laboratory to determine the fate of atrazine in pesticide-contaminated soils from agrochemical dealer sites. No significant differences in atrazine concentrations occurred in soils treated with atrazine individually or combinations with metolachlor and trifluralin. In a screening study carried out in soils from four agrochemical dealer sites, rapid mineralization of atrazine occurred in three out of eight soils tested, with the greatest amount occurring in Bravo rhizosphere soil (35% of the applied atrazine after 9 weeks). Suppression of atrazine mineralization in the Bravo rhizosphere soil did not occur with the addition of high concentrations of herbicide mixtures, but instead was increased. Plants had a positive impact on dissipation of aged atrazine in soil, with significantly less atrazine extractable from Kochia-vegetated soils than from nonvegetated soils.
High concentrations of pesticides in soils is a serious problem at agrochemical dealer sites where contamination has resulted from inadvertent spillage during mixing and loading of chemicals for application to crops. Expensive remediation technologies may not be economically feasible tor such dealerships. In addition, biological approaches (bioremediation) may be inhibited by the presence of mixtures of contaminants at high concentrations. The primary contaminants at many of these sites are herbicides (1); thus, using a phytoremediation strategy as an in situ solution for cleanup of these soils is challenging. Studies of pesticidecontaminated soils from several agrochemical dealer sites have shown encouraging results, however, in that certain plants can survive moderate contamination (2) .
It is important to understand how the fate of individual pesticides in soil can be influenced by the presence of other pesticides. Pesticide fate studies in soil, however, have typically addressed individual compounds only. An additional problem with soils that have been contaminated over the course of many years is the decreased bioavailability of the compounds for further degradation by biological systems. Compounds that remain in soil for 54 © 1997 American Chemical Society an extended time are referred to as aged pesticide residues, with the word residue referring to the residual nature of the compound (3). In conducting laboratory studies to better understand the fate of pesticides in contamination scenarios, it is important to consider the influence of aging the compounds in soil.
A phenomenon that can occur in soil that has had long-term exposure to chemicals is enhanced degradation. When the chemical is applied to soil that has previously been exposed to that chemical, accelerated decomposition can occur. This enhanced degradation is induced by the prior treatment to the soil, but does not develop in all soils nor with all pesticides. Microorganisms able to survive or benefit from the imposed selective pressure will dominate and be poised to more rapidly degrade the compound upon the next application (4). In a pest-control situation, this is not ideal because failure to control unwanted plants or insects can result in financial loss to the farmer. In a contaminated-soil scenario, however, this could be a desirable characteristic in that subsequent spills would be more rapidly degraded by the selected microbial population. Also, soils with the capability of rapidly degrading a particular pesticide are primary candidates for isolation of degrading populations of microorganisms, which could be cultured and used in bioremediation approaches, such as bioreactors or onsite inoculations.
Phytoremediation of pesticide-contaminated soils is ofgreat interest as an inexpensive, on-site alternative to agrochemical dealers. Plants can have a positive influence on removal of organic wastes by taking up contaminants into the plant tissue, with the possibility offurther metabolism into innocuous compounds. Plants also influence the degradation of contaminants as a result of the increased microbial activity associated with the roots (5) . A study conducted in this laboratory indicated that degradation of a mixture of herbicides was greater in soil taken from the rhizosphere of a herbicide-tolerant plant than in soil from a nonvegetated area of an agrochemical dealer site (φ.
Studies were conducted in this laboratory on contaminated soils taken from agrochemical dealerships to determine the fate of a herbicide when applied individually or in combination with other herbicides, to determine the degradative capabilities of the soils on freshly applied herbicide wastes, to determine if the degradative ability could be suppressed by high concentrations of pesticide mixtures or if this ability could be transferred from one soil to another, and to assess whether plants could have a positive influence on the degradation of these wastes. Summaries of results from several experiments are presented in this chapter to give an overview of the approach we have taken to solve the problem of remediation of pesticide-contaminated sites.
Degradation of Atrazine Applied in Herbicide Mixtures to Soil From a PesticideContaminated Site
Surface soil samples from an agrochemical dealership in Iowa were obtained by using shovels to remove the top 15 cm of soil. Samples were placed into large 30-gallon metal drums and transported back to the laboratory where they were stored at ambient temperature. Soils were sieved (2.4 mm) and mixed well. A subsample of soil was sent to Midwest Laboratories of Omaha, NE, for determination of physicochemical properties. Background herbicide concentrations were determined by extracting subsamples of soil three times with ethyl acetate (2:1 solvent:soil ratio, v/v). Samples were extracted by mechanical agitation for 20 minutes, followed by vacuum filtration. Combined extracts were concentrated by rotary evaporation and then rediluted to 10 mL. Concentrations of pesticides in the extracts were determined by using gas chromatography. A Shimadzu GC9 A gas chromatograph equipped with a nitrogenphosphorus detector was used under the following conditions: packed glass column, OV17 (1.8 m); injector temperature, 250 °C; detector temperature, 250 °C; column temperature, 235 °C; carrier gas, He (40 mL/rnin). External standards ofknown pesticide concentrations were used in detennining pesticide concentrations in soil extracts.
Soils were treated at 50 ug/g for each herbicide to obtain the following four treatments (three replicates each): (1) atrazine; (2) atrazine and metolachlor, (3) atrazine and pendimethalin; and (4) atrazine, metolachlor, and pendimethalin. Treated sous were mixed well before aliquots were transferred to French square bottles (250 mL volume) and randomly assigned to one of four incubation lengths (0, 21, 63, and 160 days.) Soil moistures were adjusted to the gravimetric sou moisture content at -3 3 kPa and maintained at this level throughout the incubation period by adding ultrapure water to maintain the initial weight. The jars were opened to the air once a week to maintain an aerobic headspace. All treatments were incubated at 25 °C in the dark. At the end of each incubation period, a 20-g aliquot of soil from each incubation jar was extracted and analyzed as described previously.
The soil used in this experiment had the following physicochemical properties: loam texture; organic matter content, 3.9%; sand content, 50%; silt content, 34%; clay content, 16%; total nitrogen content, 0.26%; pH, 7.0; and cation exchange capacity, 12.7. Background concentrations of atrazine and trifluralin were 1 μg/g or less, whereas concentrations of metolachlor and pendimethalin were 4 to 11 μg/g. Atrazine was very degradable in these soils, and no significant differences in atrazine concentrations were seen among the four treatments (ANOVA; ρ = 0.85) ( Figure 1 ). After 21 days, 6% of the applied atrazine was extractable from soil (mean of all treatments), and 2% of the applied atrazine was extractable after 160 days. The half-life of atrazine, based on extractable atrazine residues, was calculated to be 45 days. The half-life was not significantly effected by the application of multiple herbicides.
Assessing the Degradative Capabilities of Pesticide-Contaminated Soils from Agrochemical Dealer Sites
To determine if rapid atrazine degradation was widespread in pesticide-contaminated soils from agrochemical dealer sites, soils from four locations in Iowa were used for mineralization studies. Surface soils (0 to 15 cm) were taken from nonvegetated areas of dealer sites by using hand trowels. Soils were placed in whirlpak™ bags and transported to the laboratory. From two of the soil-source sites (Alpha and Bravo), Kochia scoparia plants were transplanted to small pots and transported to the laboratory. Rhizosphere soil was obtained by shaking the plants and collecting soil that had been in close contact with the roots. Soils were mixed well and sieved (2.4 mm), and soil moistures were determined. Twenty-gram aliquots were extracted and analyzed for background herbicide concentrations, as described earlier (Table 1) . Soils with the greatest quantities of herbicide contamination included Echo B, with over 2600 y^/g trifluralin and Foxtrot Β with 9 \\%/g of atrazine. Soil from Echo A had 1 to 3 ng/g of alachlor and metolachlor, respectively. A treating solution of analytical grade atrazine (ChemService; West Chester, PA) and uniformly ring-labeled 14 C-atrazine (Ciba Crop Protection; Greensboro, NC) was made in certified acetone. Aliquots of soil (10 or 20-g) were placed in 250-ml incubation jars (three replications) and treated with the radiolabeled treating solution to give a final atrazine concentration of 50 μg/g soil. Acetone was evaporated immediately. Soil moistures were adjusted to 60% saturation, and each incubation jar was equipped with a scintillation vial containing NaOH (0.5 N) to trap l4 C0 2 evolved from atrazine mineralization. The traps were changed weekly, and 14 C0 2 was quantified by using liquid scintillation techniques. Soil moistures were maintained by adding ultrapure water to the incubation jars to maintain the original weight at 60% saturation. Aerobic conditions were maintained in the incubation jars by opening the jars up during trap changing each week.
The greatest amount of atrazine mineralization occurred in soils from Bravo (both nonvegetated and rhizosphere soils) (Figure 2 ). After 9 weeks, 33% and 35% of the applied 14 C-atrazine was mineralized to C0 2 in the nonrhizosphere and rhizosphere soils, respectively. Perkovich et al. (7) found that atrazine was mineralized to a greater extent in rhizosphere soil than nonrhizosphere soil from this site after 36 days of incubation. In the current study, there was no statistical difference was shown between the rhizosphere and nonrhizosphere soils after 63 days, although the lag time for mineralization was less in rhizosphere soils than nonrhizosphere soils (Figure 2 ). One soil from the agrochemical dealership in Nebraska (Foxtrot B) mineralized 31% of the applied atrazine. Before the herbicide treatment for this study, atrazine was the only detectable contaminant of this soil (9 Mg/g). The otherNebraskasofl (Foxtrot A) that ctid no background levels of alachlor and pendimethalin (2.7 and 1.4 μg/g, respectively). Both soils from Illinois (Echo A and B) did not mineralize atrazine. As mentioned previously, Echo A had background concentrations of alachlor and metolachlor (1.4 and 3.4 μg/g, respectively) and less than 0.5 μg/g of atrazine, trifluralin, and pendimethalin. The other Echo soil (B) had extremely high levels of trifluralin (2638 μ^/g) ( Table 1 ). This study shows that the extent of atrazine mineralization in pesticide-contaminated soils from agrochemical dealerships is variable. Sites that have rapid mineralization characteristics for atrazine might be candidates for isolation of atrazine-degrading microorganisms for potential use as inoculants of soils that do not have this capacity. Several researchers have isolated atrazine-degrading microorganisms from pesticide-contaminated soils (8) (9) (10) . While an atrazine-mineralizing capacity has been demonstrated in several soils, most soils do not develop an atrazine-mineralizing characterization. The natural selection of atrazine-degrading populations of microorganisms may be inhibited in most soils by other pesticide contaminants or by other characteristics of the soil.
Suppression of Atrazine Mineralization
An experiment was conducted to determine if greater concentrations of herbicide mixtures would suppress atrazine mineralization in the Bravo soil. Four treating solutions were made with combinations of analytical grade atrazine, metolachlor, and trifluralin. All treating solutions contained uniformly ring-labeled 14 C-atrazine. The four treatments were: (1) atrazine, (2) atrazine and metolachlor, (3) atrazine and trifluralin, (4) atrazine, metolachlor, and trifluralin. Twenty-g aliquots of Bravo rhizosphere soil were treated with one of the four treating solutions (two replications), as described previously, to reach a final soil concentration of200 μg/g per herbicide. The methods of soil moisture adjustment, 14 C0 2 trapping, and incubation were identical to our study described in the previous section.
Atrazine mineralization was not suppressed by the higher concentrations and mixtures of herbicides (Figure 3) . Instead, the rate of mineralization of atrazine in soils treated with herbicide mixtures at 200 pg/g each was approximately twice that in Bravo rhizosphere soils treated with 50 μg/g of the individual herbicide atrazine (Bravo B, Figure 2 ). After 9 weeks, there were no significant differences in the percentages of atrazine mineralized among the four treatments, with the percentages ranging from 69 to 76% of the applied 14 C-atrazine. Herbicide mixtures at these concentrations may be toxic to competing microbial populations, thus allowing for proliferation and increased degradation of atrazine by the atrazine-degrading population. It may also be possible that more of the 14 C-atrazine is available to the microorganisms at the higher concentration.
TVansfer of Degradative Capabilities
Results of the screening study, which assessed the degradative capabilities of soils from several agrochemical dealer sites, revealed that not all soils could rapidly mineralize atrazine ( Figure 2 ). An experiment was conducted to determine if a soils ability to degrade atrazine could be transferred to a soil that could not mineralize atrazine by mixing the two soil types in an attempt to "inoculate" the slow atrazine-degrading soil. The two soils used for this study were the Bravo Β (rhizosphere) soil and the Echo A (nonrhizosphere) soil with the lower background herbicide concentrations (Table 1) . Four combinations of soil mixtures wereusedforthis study: (1) 100% Bravo, (2) 90% Echo: 10% Bravo, (3) 80% Echo: 20% Bravo, and (4) 100% Echo. The treating solution consisted of analytical grade and uniformly ring-labeled 14 C-atrazine in acetone. Soil combinations were mixed thoroughly, and 20 g of each combination (two replications) were treated in 250-ml incubation jars to obtain a soil concentration ofatrazine at 50 pg/g. The methods of soil moisture adjustment, 14 C0 2 trapping, and incubation were identical to the previous studies described earlier.
Atrazine mineralization in soils of all combinations is shown in Figure 4 . Thirty-six percent of the applied 14 C-atrazine was mineralized in the 100% Bravo soil. The 100% Echo soil did not mineralize any atrazine. The soil combination made up of 80% Echo and 20% Bravo had significantly greater mineralization than did the 100% Echo soil or the combination of 90% Echo and 10% Bravo soil. On a percentage mineralized per gram soil basis, the addition ofBravo soil to the Echo soil did not enhance mineralization of atrazine in the Echo soil. It is possible that characteristics of the Echo soil did not provide an optimal environment for survival of the degraders. Echo soil had a much lower pH (4.3) compared with the Bravo soil (pH = 7.5). Neutral pH is generally optimal for microbial growth, because most microorganisms cannot tolerate extreme pH (11) . The Echo soil was also a very saline soil with an dectricd conductivity value of 8.9 n^ (12) . Fertilizer spills at this site may have contributed to the high salt content in this soil. Generally, the success rate of enhancing biodégradation in soils by inoculation with known degraders has not been good (13) , although transfer has been accomplished with carbamate and certain organophosphate insecticides. Preliminary evaluations of pestiride-rcntaminated soils would be necessary for detennining the viability of an inoculation approach. 
Influence of Two Plant Species on the Degradation of Aged Residues
Independent composite soil samples were taken from the top 15 cm of a nonvegetated area from an Iowa agrochemical dealership. Soils were transported to the lab at 4 °C, sieved (2.4 mm), and mixed well before use in this experiment. A composite sample was sent to Midwest Laboratory (Omaha, NE) for determination of physical and chemical characteristics. Background herbicide concentrations were determined by gas chromatographic analysis, as described earlier. Concentrations of herbicides in this soil are shown in Table 1 (Alpha A). Subsamples of soil (nine replications) were treated with a solution made up of analytical grade atrazine and metolachlor, and uniformly ring-labeled 14 C-atrazine to achieve a final atrazine and metolachlor concentration in soil of 50 μg/g for each herbicide. One hundredgram aliquots of treated soil were transferred to French square bottles, and soil moistures were adjusted and maintained at -33 kPa soil moisture tension. Treated soils were allowed to incubate in the dark at 24 °C for 165 days, thus allowing the herbicides to age in soil. During this aging period, the jars were opened weekly in to maintain aerobic conditions above the soil.
On day 165 posttreatment, incubation jars were opened and either left unvegetated or transplanted with Kochia scoparia or Brassica napus. The incubation jars were placed in an enclosed growth chamber in a temperature-controlled room (24 °C) with a light:dark cycle of 16:8. To ensure that 14 C incorporated into the plant tissue at the end of the study was the result of uptake from the soil only, a flow-through system was used to remove 14 C0 2 and 14 C-organic volatiles from the atmosphere of the growth chamber. Twenty-seven days after planting, the Brassica plants seemed very stressed, and all Brassica-vegetàted samples along with a portion of the Xoc/w'a-vegetated and nonvegetated samples were extracted and analyzed at this time. Kochia plants were thriving, so the study was continued with the remaining set of unvegetated and Kochia-vegetdXed soils. At 240 days postherbicide treatment, 75 days after planting, the experiment was ended. At the end of each incubation period, entire plants were analyzed for 14 C residue by combusting pellets made up of plant tissue and hydrolyzed starch in a Packard Sample Oxidizer (Packard Instruments, Downers Grove, IL). Soils were extracted and analyzed by following the methods in Kruger et al. (14) which included solvent extractions of soil, liquid-liquid partitioning, thin-layer chromatography, autoradiography, and liquid scintillation techniques. Subsamples of extracted soil were combusted to determine the amount of unextractable 14 C-residue in soil. After 27 days postplanting, significantly less atrazine was extractable from soils vegetated vÀÛi Kochia scoparia compared with soils vegetated with Brassica napus, with 4.3% and 9.8% of the applied 14 C-atrazine extractable from these soils, respectively (ANOVA; ρ < 0.05). From the nonvegetated soil, 9.3% of the applied 14 C-atrazine was extractable, which was not significantly different from either of the vegetated soils. A significantly greater amount of 14 C was taken up by Kochia plants ( 10% of the applied 14 C) than by the Brassica plants (less than 1%) (ANOVA; ρ = 0.0001).
Significantly less atrazine was extractable from vegetated soils than from nonvegetated soils 75 days postplanting (240 days postherbicide treatment) (ANOVA; ρ < 0.01). For the^ioc/i/a-vegetated soil 5.3% of the applied atrazine was extractable from soil, whereas 8.3% was extractable for the nonvegetated soil. There were no significant differences in quantities of dégradâtes formed or nonextractable residues between the two treatments. Combustion of plants revealed that 6.5% of the applied 14 C was taken up by the Kochia plants.
Summary
Atrazine degradation in pesticide-contaminated soils was unaffected by the presence of metolachlor and/or trifluralin. Rapid mineralization of atrazine, applied individually, in soils from pesticide-contaminated sites was indicated in three out of eight soils tested. This degradative capability was not suppressed with the addition of even higher concentrations of herbicide mixtures. Transfer of the rapid atrazine-mineralizing capability of one soil was not achieved by mixing this soil with a soil that did not exhibit this characteristic. Plants had a positive influence on the dissipation of aged atrazine in soil, with significant uptake byKochia plants, and decreased extractable atrazine from vegetated soils compared with nonvegetated soils. Overall, the results suggest that phytoremediation of soils contaminated with atrazine is a viable treatment method for soils contaminated with a mixture of some common herbicides. Coupling of phytoremediation with inoculation technology could provide a scenario in which survival of the inoculated organisms is increased. Further exploration of this along with degradation studies on the other compounds will help identify situations inshich the use of plants for cleanup of agrochemical dealer sites may be appropriate.
